S
everal studies have focused on the kinematics of the tennis service, on the importance of service speed in determining match outcomes and on different training concepts to improve the service performance. [1] [2] [3] The major contributors to the linear velocity of the racquet head at serve impact are reported as internal rotation of the upper arm (54.2%) and flexion of the hand (31%). 3 Similar mechanics are seen in other overhead throwing actions, 4 reinforcing the strong and established link between service and throwing velocity in tennis players.
Modern training concepts highlight the value of complex exercise programming during the same training unit. 5 6 Shortterm improvements in movement speed through contrast or complex training methods invoking ''post-activation potentiation'' and increased muscle stiffness have been observed. 7 There remain, however, two conflicting theories regarding the optimum loads that should be used for the improvement of mechanical power and movement speed. 8 9 That is, where heavy loads are reported to induce greater recruitment of the high-threshold fast type II motor units, via the size principle, 10 light loads are suggested to better allow for the assimilation of high-speed movement velocities and thus maximise the mechanical power output.
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Several tennis coaching experts have advanced the use of complex training, with light and heavy loads, to immediately increase the serve velocity and therefore combine technical skill development with the training of overhead power and throwing performance. 12 13 However, the exact short-or long-term effects of such protocols on the functional tennis serve performance have not yet been investigated. Therefore, in this study we have addressed the question of whether a light or a heavy throwing intervention should be advocated for young elite players during a complex service training setting.
METHODS

Subjects
A total of 13 elite junior tennis players (7 boys and 6 girls; 12 right-handed players and 1 left-handed player) from the Flemish Training Centre (FTC), aged 11-13 years, participated in the study (mean (SD) 12.3 (0.8) years, 149 (9) cm, 37.5 (5.5) kg, BMI 16.8 (1.2)). We included all players that were ranked in the top 30 nationally for the respective age group and trained at least twice a week at the FTC. On 2 days/week the tennis training was accompanied by physical conditioning training including co-ordination, speed and strength exercises. The strength-training units focused on preventive neuromuscular control (functional stabilisation training), strength training techniques and core strength. Data collection was undertaken at the usual practice location as part of the training sessions. The players were familiar with all test procedures and the testing surroundings.
Experimental conditions
On three experimental days (A, B, C) separated by 1 week, all players completed 4 sets of 6 services (a total of 24 services) with a recovery period of 10 s between each service and 2 min between the sets (fig 1) . The players were asked to serve from the deuce court side ''an ace with maximum speed to the target zone'' near the ''T'' of the deuce court service box (fig 2) .
On the three experimental days the players completed different training interventions (I) consisting of 6 (I1: between first and second set of services), 4 (I2: between second and third set) and 2 (I3: between third and fourth set) maximumeffort throws with either a 200 g ball (LI, light intervention, 8 cm ball diameter) or a 600 g ball (HI, heavy intervention, 11 cm ball diameter). The players were asked to perform all-out throws over the net to the target zone from their personal service position on the deuce court side (fig 2) . No further instructions were given in relation to the movement execution.
On one experimental day (A) no intervention was taken during
Abbreviations: ANOVA, analysis of variance; FTC, Flemish Training Centre; HI, heavy intervention; LI, light intervention; NI, no intervention; PAP, post-activation potentiation the recovery period between the sets (NI, no intervention). The different interventions (A, B, C) were given in a cross-over design (fig 1) .
The respective ball weights were chosen after testing for practical application with the players. We decided to choose a clear contrast between the light and the heavy intervention. Therefore we determined the minimum and maximum of the range of ball weights that (1) did not inhibit the throwing action and allowed all players to throw the HI ball from the baseline over the net (upper limit), and (2) were assessed by the players to be clearly lighter than the racquet (mean (SD) racquet weight of the subjects was 282 (19) g) (lower limit).
The environmental conditions, ambient temperature, tennis balls (24 new Dunlop Pro balls, Hanau, Germany) and warm-up routines were identical on each test day. The warm-up consisted of a 30 s dynamic service imitation followed by 10 warm-up services of increasing velocity (5660%, 2670%, 1680%, 1690%, 16100% of the maximum value) from the respective testing position.
Measurements
Service and throwing velocity were measured by a radar gun (Stalker, Plano, Texas, USA) from a standardised position 5 m behind the baseline and 3 m above the ground (fig 2) . The radar gun was aligned to the advised stroke direction. Peak ball velocity during the ball flight was recorded.
Service precision was determined afterwards by video analysis (the camera position corresponded to the radar gun position) of services 7-24 (second to fourth set of services). For that, two independent tennis experts marked the bouncing location and the ball flight direction into a true scaled observation sheet. We distinguished four different criteria N Distance to target: distance of the first bounce of the ball (net errors excluded) from a target zone (406100 cm) placed in the service box.
Service touch was recorded during the 2 min rest between the service sets. The players were asked to quantify their feeling of rhythm and co-ordination during service with the help of a 11 point ''touch scale'' ranked by the following categories (10 = very, very good; 8 = very good; 6 = good; 4 = poor; 2 = very poor; 0 = very very poor). The scale was not evaluated. A post hoc calculation of the mean intra-individual correlation between the service velocity and the touch scale rating showed a small positive effect (r = 0.29).
Statistical analysis
Data are presented as mean values with SD. A two-factor analysis of variance (ANOVA) for repeated measurements was calculated to compare the mean values of service velocity and service touch for the different interventions (factor 1) and the different measurement points (service sets, factor 2). A onefactor ANOVA was used for statistical analysis of the service precision items. In case of significance, simple effects were verified by means of a Newman-Keuls test. Effect size was calculated according to Robert Coe (CEM Centre, Durham University, UK). Heterogeneous variances were adjusted 
RESULTS
The service velocity was significantly decreased during the heavy intervention (mean (SD) 124.3 (7.8) km/h) compared to the no intervention trial (126.6 (9.3) km/h). The effect size of this finding tended to be low (d = 0.29). No differences were found between the light intervention (125.2 (7.9) km/h) and the no intervention service velocity (fig 3) . Service velocity remained constant between sets. The rating of service touch revealed no statistical differences. Players tended to perceive more touch without throwing intervention (fig 3) .
The service precision remained unchanged on all experimental days (table 1) . About a third of the services were inside the service box. The percentage of net errors remained constant on each test day. About half of the services were directed to the backhand side (right handed opponent) and showed a second bounce behind the defined power line. The mean distance of the first bounce of the ball to the target zone was 145 cm.
The mean (SD) throwing velocity was 65.8 (1.5) km/h with the light intervention 200 g ball and 49.1 (1.3) km/h with the heavy intervention 600 g ball.
DISCUSSION
In this study we analysed the acute effects of a load-controlled complex throwing intervention training on the functional service performance. More specifically, we wanted to compare the influence of an ''overload'' and ''underload'' intervention (compared to the racquet load) as both methods are recommended to coaches based on different theories. [8] [9] [10] [11] To date, there have been no findings about the sport-specific efficiency of these training methods in tennis.
In contrast to the theory of the post-activation potentiation (PAP) induced by complex training methods, our findings did not show any positive effects of both interventions on all observed parameters (velocity and precision) of the service performance ( fig 3 and table 1 ). These results question the applicability of the PAP on the service training in elite junior tennis players under these conditions. Post-activation potentiation refers to a phenomenon by which acute muscle force output is enhanced as a result of the contractile history and is the premise upon which complex training is based. 7 It has been postulated that explosive movements might be enhanced if they are preceded by heavy resistance exercise. 5 14 This is explained by a ''loading of the neuromuscular system'' in terms of a greater ''effectiveness of stimulus transmittance in the excitatory synaptic junctions''. 15 Güllich and Schmidtbleicher 15 found increase of H-reflex amplitude between 3 and 11 min after a maximum voluntary contraction.
We suggest two main possibilities to explain our contradicting results: (1) fatigue of the working muscles, and (2) temporary impairment of the intermuscular co-ordination.
Positive acute effects of complex training were predominantly found in male subjects and in lower body exercises. 16 Improvements of the upper body plyometric performance induced by complex training were strongly correlated with the maximum strength of the athletes. 16 These results suggest that a heavy intervention complex training should be advised only for stronger individuals. Contractile activity always produces fatigue and PAP, and it is the balance between the two that determines the power output. 7 In our study, muscle fatigue could be speculated after the first heavy intervention including six maximum throws. In addition, this complex training set-up, with only a 20-30 s recovery period following the throwing intervention, was possibly too short for inducing any potentiation.
Complex training research usually examine the effects of very simple compound exercises (eg, combination of squats and counter movement jumps). 16 The functional performance of the tennis serve however, is the result of an effective force transfer throughout a complex kinetic chain that depends on intermuscular co-ordination and muscle strength. 1 17 Both interventions in the present study, the light and the heavy one, can lead to a temporary impairment of co-ordination. The slight decrease of the ratings of service touch on the intervention days is in line with this conclusion (fig 3) .
The present data do not allow a general refusal of complex service training interventions. This decision should individually consider age, gender, muscle strength and technical establishment of the serve. Moreover, one should distinguish between acute-and long-term training interventions. In the course of a 6 week training intervention with junior tennis players, a significant increase of service velocity was found that was similar for a light and a heavy weight training group (from 130-135 km/h). 18 These data show that an enormous adaptive potential for service speed exists in elite junior tennis, independent of the training methods used (underload or overload intervention).
CONCLUSION
The results of the present study indicate that a heavy ball throwing intervention causes a slight acute decrease in service velocity of 11-13 years old elite tennis players. The investigated complex training methods aiming at a post-activation potentiation failed to have short-term benefits in this age group at this performance level, and should be applied carefully, especially during the main tournament periods.
